We recently reported on various techniques we have developed for accurate characterization appearance changes brought about by scratch and mar damage. Scratch and mar resistance is related to the ability of a coating to resist deformation. The appearance change is brought about by the scratches and by roughening, which in turn leads to a reduction in gloss and reflectivity. Marring can be minimized by the appropriate use of the wipe material employed. This paper reports on three common wipes used by the automotive industry and focuses on the measurement of the appearance of coating by image analysis.
Introduction
In a recent paper, we discussed nanoscratching methods for the measurement of the ability of a coating to resist damage and permanent deformation resulting from the application of a known mechanical force. A special diamond probe that replaced the normal tip of an atomic force microscope made controlled scratches. [1] . In a second paper, we focussed on the visual effect produced by scratch and mar damage [2] , and reported on reliable image capture and analysis methods for measuring scratch and mar. These methods eliminated the need for the description of these visual effects given by the measurement of loss of gloss and hazing of the surface [3] or by the measurement of overall change in appearance measured subjectively [4] [5] [6] .
It was noted in the second paper in this series [2] that image capture conditions would significantly influence the results obtained, and that careful attention must be given to the light geometry used in illuminating the surface. It was further reported that gloss values alone would not precisely represent the surface condition of the topcoat as the gloss measurement is influenced by the chromatic (color) attributes of the basecoat [3] . This problem arises from the fact that at all incident angles used in the measurement of gloss, the incident light will refract, involve the basecoat and affect the reflected beam. It is, therefore, necessary to use the same basecoat in order to minimize this effect. Note, however, that the data for samples with different basecoats cannot be easily compared. Our optical imaging system reported earlier [2] overcomes these deficiencies.
The mechanical properties of the clearcoat influence the ease with which a sample may be marred. That is, harder surfaces would be more difficult to mar. A harder, more brittle surface however, is more prone to chipping. Therefore, the problem is one of optimization of these two contradictory requirements. We evaluated three different clearcoat systems [1] [2] and demonstrated the relationship between hardness and marring. For a given system, however, the hardness of the wiping medium used is also responsible for the manner in which the clearcoat scratches. Most wipes are nonwoven disposable materials composed of fairly fine fibers. In this paper, we use one clearcoat system and examine three commercial wipes in their ability to scratch and mar the surface.
Materials and Methods
All coating panels used in this study were especially prepared by PPG Industries. They are all high-solid BC/CC coating systems. All panels have three coats of paint on the same metallic substrate -primer, basecoat (colorcoat), and clearcoat. The clearcoat is the topcoat. For all paint panels, the basecoat (colorcoat) is black. Each panel size is 4-inch x 12-inch.
The materials chosen for this study is an acrylic polyolmelamine-formaldehyde (MF)-crosslinked clearcoat. For simplicity, the clearcoat will be referred to as Melamine. Complete details were given in the first paper of the current series [1] . We use three wipe materials. These wipes are very similar in that they all use short staple fibers formed into a web and then are hydroentangled to form a fabric. The samples are referred to as Blue, Soft White and Rough White, respectively. The blue sample was blue in color. The others were white and appeared to be much different from each other in terms of perceived surface roughness.
The marring was brought about by abrading the clearcoat surface with each of the wipes under a fixed normal load. An Atlas Crockmeter instrument was adopted for this purpose. For our work, the oscillating weighted arm of the Crockmeter Instrument was made more rigid so that the arm position and the resulting load on the specimen would not vary from cycle to cycle.
This study focuses on dry abrasion only. Each test paint panel was clamped on the stage, and a test probe covered with a fresh nonwoven wipe was moved back and forth several times over a portion of the panel. Next, the panel was cleaned with lens cleaning solution containing a mixture of water and alcohol to remove loose debris arising from abrasion and gently dried with soft lens tissue paper. Scratch clusters in the order of increasing scratch cycles or increasing scratch loads could be made on a single paint panel. The clearcoat samples were abraded for 200, 500 and 1000 cycles, respectively, for each wipe sample.
The test panels were conditioned for at least 48 hours at 23±2°C (73.5±3.5°F) and 50±5% relative humidity, and tested in the same environment.
For all samples, a series of experiments were prepared to examine the extent of damage with increasing scratch cycles.
Images were captured by using the "direct" illumination provided in the VIEEW TM system (Atlas Materials Testing) [1] [2] . The incident angle in direct illumination is 0° (gloss meters determine gloss at incident angles greater than 0). When light is directed to surface at 0° angle, it will be reflected at 0°. When stream of light is reflected perpendicularly (0°) to the surface, the direction of reflection is confined to 0°i f the surface is optically smooth (i.e., no roughness). Otherwise, it will be reflected at angles > 0° [1] [2] . This scattering effect of reflected light is most beneficial in examining surfaces with characteristics such as dirt, scratches, streaks, blisters, cracks and other similar surface defects. When light is scattered off-axis due to the irregular nature of the surface, it will not reach the image detector and the area in question appears dark. The net result is that defective areas such as scratches will cause scattering and appear darker in the images thus formed. The image will have lower reflectivity (lower gloss). The main advantage of such a system is that it is completely insensitive to the basecoat and the properties of the basecoat will not in any form influence the reflectivity of topcoat (clearcoat). VIEEW TM uses calibrated light sources as well as enclosures to ensure repeatability.
All samples were imaged with VIEEW TM . For each condition, five images were obtained.
Image Analysis Methods

Moments
There are a number of methods available for characterizing surface features. From the earlier discussion, it is clear that an increase in scratch and mar will be reflected in a lower reflectivity. This is true for our system since the light source is calibrated and maintained in an enclosure to remove interference from external (ambient) conditions. Therefore, first order measurements from the image histogram such as mean and variance can provide both absolute as well as relative measures of marring. We begin by examining the mean (x) and standard deviation (s) of image intensities. Elementary probability suggests that an image generated by randomly sampling a discrete uniform distribution, U(G min , G max ) has an expected intensity value of (G min + G max )/2 and a variance of [(G max -G min + 1) 2 -1]/12. Most "natural" images have a distribution that approaches normality, although often exhibiting a distinct skew.
Others [6] have concluded that marring increases overall reflectance. Note that our expectation is the opposite. That is, marring causes loss of gloss and therefore, lowered reflectivity. Since there is a limit to the degree of surface roughening, the reflectivity curve should resemble a saturation curve when plotted against the amount of wear. This implies that at very high levels of wear, the sensitivity with which reflectivity can be determined may be reduced.
A gray level (8 bits per pixel) image with dimensions N x N pixels may be considered as a collection of N 2 points of surface data having the statistical moments of mean, variance, skew, kurtosis and so on. Each image was sequentially scanned and the appropriate moments were computed according to conventional formulae. Results for the statistics examined in this paper are plotted for the mean and standard errors obtained from five separate images without any overlapping regions.
Texture Roughness -Surface Relief
It would be desirable to have a measure of surface "roughness" based on intensity variation. One such measure for a digital image is the area of surface relief. G x,y may be used as an altitude coordinate, i.e., the height of a column of G cubes, each having the dimensions one pixel by one pixel by one standard intensity level. We then define the gray level area of a digital image as equivalent to the total number of exposed faces in a landscape composed of gray level columns. Here, we are only concerned with lateral area, and may ignore the top face of each column. This quantity can be measured by comparing the intensities of pairs of edge-adjacent positions, that is, those sharing a side. The number of exposed faces on one side of a column depends on the difference, D, between the intensity of the current position, G x,y , and the intensity of the adjacent position, G x+i,y+j . We are only interested in non-negative differences, and stipulate that D = G x,y -G x+i,y+j if G x,y > G x+i,y+j , and 0, otherwise. The area of relief, A R , is therefore the sum of the area of all sides of all columns. But A R is also a function of the number of position pairs, P, and hence image size. To remove size effects, this quantity is normalized by computing a R ,= A R /P. Note that P depends on whether the image is bounded (i.e., has a perimeter) or unbounded (e.g., an inner subset of a bounded image). In an unbounded image, every column has 4 sides (P = 4XY), whereas in a rectangular bounded image the columns on the perimeter have less than 4 sides with adjacent positions, and P = 8 + 6[(X-2) + (Y-2)] + 4[(X-2)(Y-2)]. For the sake of simplicity, we refer to unbounded images in the following discussion.
For the sake of illustration, let us consider a R for some idealized images. When D = 0 for all position pairs, i.e., the image is monochromatic or "flat," a R is zero. The maximum possible relief area, a R = 127.5, occurs in a regular checkerboard pattern composed of alternating 0 and 255 intensities. For an image generated by randomly sampling a discrete uniform distribution, U (0, N-1), the average difference, G x,y -G x+i,y+j = S x i f(x i ). We are only interested in cases where this difference is non-negative, which occurs about half the time for large N, p(G x,y >= G x+i,y+j ) = (1 + 1/N)/2. The average normalized relief of such an image is therefore E(a R ) = S [x i (N -x i )/N2], where i has the range[0, N-1].
A smooth surface (unscratched surface) will be expected to have low relief (low roughness); the relief will increase with increasing roughness (scratching).
Results and Discussion
SEM micrographs for the three wipes used are shown in Figure 1 . Note that at this level of magnification, the samples are not very smooth. Note also the surface texture due to the hydroentangling.
Typical images at each level of abrasion are given in Figures 2-4 for the three wipes respectively. Note that the samples become darker with increasing scratch cycles. A clear trend is observed where the mean of intensity distribu-tion is reduced but the variance of distribution is increased. That is, with increasing marring and scratching, the image become darker and the decrease in intensity is accomplished by an increase of in the variance of the intensity. This is demonstrated in Figure 5 for the face side of blue sample. The same trend is observed for all samples and for both sides. Figure 6 it may be observed that the reflectivity is decreasing fairly linearly with increasing scratching. Figure 7 shows that the intensity distribution is becoming larger with increased scratching. All samples appear to be similar in their potential for scratching the surface. Although the percent reflectivity shows little or no difference, the variance of reflectivity shows differences between the samples. In all cases, there appears to be little difference between the face and the back.
The reduction of percent reflectivity is attributed to the global changes in overall surface uniformly. Percent reflectivity is a measure of overall surface condition whereas the variance represents mostly local changes in reflectivity. It is conceivable that two samples may have the same reflectivity, but vary in the variance of reflectivity. This phenomenon is seen clearly for the samples scratched by the rough white and Figure 8 shows the texture roughness results for the three wipes. Notice that the same trend is observed. The rough white wipe appears to have roughened the surface more readily than the other two. Again, there appears to be little difference between the face and the back.
Conclusions
It has been demonstrated that optical imaging can be used effectively to monitor scratch and mar behavior of automotive coatings and can be an effective tool in evaluating nonwoven wipes. When proper lighting is used, the surface reflectivity and texture roughness can be used as quantifiable measures. The focus of this study has been to develop appropriate hardware and software for reliably quantifying marring performance.
Figure 8 ROUGHNESS AS A FUNCTION OF SCRATCH CYCLES
